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The infected cell polypeptide 0 (ICP0) protein of herpes simplex virus type 1 (HSV-1) is a promiscuous transactivator.
When expressed by transfection, ICP0 forms spherical structures in the nucleus. Using a double-label immunofluorescence
assay, we have found that the HSV-1 helicase/primase complex subunits accumulate within ICP0 structures in cotransfected
cells. This phenomenon was also observed in cells coexpressing ICP0 and UL6, a protein thought to be involved in the
cleavage and/or packaging of viral genomes. ICP0 structures were found to be proteinaceous by immunoelectron micros-
copy. These results suggest that ICP0 may interact nonspecifically with a variety of viral proteins. q 1996 Academic Press, Inc.
Transcription of herpes simplex virus type 1 (HSV-1) gested that efficient nuclear localization of this complex
requires coexpression of all three subunits (16). Thesegenes occurs in a sequential cascade which is regulated
by virally encoded transactivators and repressors (re- authors overexpressed the helicase/primase subunits
using a virus which accumulates immediate early (IE)viewed in 1, 2). One of these transactivators, infected cell
polypeptide 0 (ICP0), is required for efficient lytic infection peptides but is unable to express early and late genes.
In that study, it is possible that the intracellular localiza-as well as reactivation from latency (reviewed in 2, 3).
ICP0 is unique among the HSV-encoded transactivators tion of the helicase/primase complex subunit was influ-
enced by the IE protein ICP0. In fact, we have found thatin that it can transactivate all kinetic classes of HSV
genes as well as many heterologous promoters in co- ICP0 influences the intracellular localization of UL5, UL8,
and UL52 in a transient cotransfection assay. Our co-transfection assays (reviewed in 2, 3). The mechanism
of transactivation by ICP0 remains to be determined, but transfection assay utilizes constructs containing se-
quences under control of the ribonucleotide reductaseits promiscuity suggests that it alters some basic cellular
process. Early in infection ICP0 localizes to novel nuclear large subunit (ICP6) promoter (such constructs are desig-
nated below with the prefix ‘‘p6’’). The ICP6 promoter isstructures, termed ND10, and subsequently leads to their
disruption (4– 6). The ability of ICP0 to redistribute ND10- strongly induced by VP16 and ICP0 (17– 19), and in this
study transactivation was accomplished by cotransfec-associated proteins may account for its promiscuous
transactivation properties. An aberrant distribution of tion with pW3 (20), a construct which constituitively ex-
presses ICP0 from its own promoter (herein referred toND10 is found in promyelocytic leukemia cells, and resto-
ration of ND10 distribution is associated with leukemia as pICP0). Vero cells (1.5 1 106) were cotransfected with
6 mg each of two plasmids (12 mg total), unless notedregression (7– 9). These observations suggest that ND10
status is related to basic cellular processes such as otherwise, by calcium phosphate precipitation in suspen-
sion (21). Three and one-half hours posttransfection, cellsproliferation. Regardless, as infection progresses, ICP0
localizes diffusely (10). In contrast, when transiently ex- on coverslips were shocked with 15% glycerol in PBS and
incubated for 14– 24 hr. Cells were fixed, permeabilized,pressed, ICP0 localizes in many spherical phase-dense
structures throughout the nucleus (11 and references reacted with antibodies, and examined by confocal mi-
croscopy as described previously (21). Immune reagentstherein).
We are interested in the nuclear localization of the were used at dilutions indicated in the figure legends.
Functional versions of the helicase/primase complexHSV helicase/primase complex, a heterotrimer of the
UL5, UL8, and UL52 proteins that is essential for viral subunits containing epitope tags, AU1UL5, EEUL8, and
UL52KT3 (21), associate individually with ICP0 when ex-replication (12– 15). Previous work by Calder et al. sug-
pressed from the ICP6 promoter by cotransfection with
pICP0. As shown in Fig. 1A, cells cotransfected with1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (860) 679-1239. E-mail: Weller@panda.uchc.edu. pICP0 and p6AU1UL5 contain ICP0 in spherical nuclear
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structures when examined using a confocal microscope.
In the same nucleus, the staining pattern for the AU1
epitope tag of AU1UL5 is punctate and spatially distrib-
uted similarly to ICP0, but the structures are notably
smaller than the ICP0 structures (Fig. 1B). A merged im-
age of the ICP0 and AU1UL5 staining patterns, Fig. 1C,
reveals that the AU1UL5 is present within the ICP0 struc-
ture and appears to be concentrated in areas of dimin-
ished ICP0 staining (compare Figs. 1A and 1B). This pat-
tern of localization, in which AU1UL5 is surrounded by a
shell of ICP0, differs from what is referred to as ‘‘colocal-
ization,’’ a term that describes two signals which overlap
and thus are morphologically similar. In cells cotrans-
fected with p6UL52KT3 and pICP0, pUL52KT3 is also
present within ICP0 structures as shown in Figs. 1D – 1F.
In cells cotransfected with p6EEUL8 and pICP0, EEUL8
accumulates within ICP0 structures, but is also present
in a diffuse pattern as shown in Figs. 1G– 1I. When the
epitope-tagged helicase/primase complex subunits are
expressed from the constituitively active CMV-IE pro-
moter in the absence of ICP0, the staining patterns of
the proteins are diffuse nuclear or cytoplasmic, or a mix-
ture of both (data not shown). Cotransfection of CMV
promoter-driven constructs with pICP0 still results in the
accumulation of the epitope-tagged helicase/primase
complex subunits within ICP0 structures (data not
shown).
Two other essential HSV replication proteins, the ori-
gin-binding protein (UL9) and the single-stranded DNA
binding protein (UL29), were excluded from the interior
of ICP0 structures. When transiently expressed, UL9 and
UL29 localize to the nucleus in a diffuse pattern (23,
24). Cells cotransfected with pICP0 and pCM-DBP, which
FIG. 2. Confocal localization of a cytoplasmic form of ICP0 and vari-contains the UL29 gene under control of the CMV-IE
ous proteins in cotransfected cells. Vero cells were treated and stainedpromoter (22), contained spherical ICP0 structures as
according to the labeling scheme in Fig. 1. The secondary antibody
shown in Fig. 1J. The UL29 staining pattern in the same used in A, C, E, and G was Texas red-conjugated goat anti-rabbit
cell was diffuse but contained multiple areas which failed immunoglobulin and in B, D, F, and H was fluorescein isothiocyanate-
conjugated goat anti-mouse immunoglobulin. Bar, 15 mm.to react with the UL29 antibody (Fig. 1K). The merged
image, Fig. 1L, shows that the nonreactive areas seen
with the UL29 antibody represent ICP0 structures. Fig-
inside of ICP0 structures even when ICP0 was expressedures 1M– 1O show a similar staining pattern for a cell
in vast excess compared to UL9 or UL29 (Lukonis andcotransfected with ICP0 and p6UL9; the UL9 staining
Weller, unpublished observations). Clearly, accumulationpattern contains discontinuities which represent ICP0
within ICP0 structures is not a general property of essen-structures. Although the merged images of ICP0 with
tial viral replication proteins.UL9 and UL29 staining show some colocalization (Figs.
1O and 1L), UL9 or UL29 staining was never observed We were interested in comparing the unusual struc-
FIG. 1. Confocal localization of ICP0 and various proteins in cotransfected cells. Vero cells were cotransfected, fixed, permeabilized, and imaged
with a confocal microscope as referred to in the text, except in the fourth row where a 2-min acetone permeabilization at 0207 was substituted for
Triton X-100 permeabilization. Each row represents the staining patterns from a single nucleus. The first column shows ICP0 detected by the rabbit
polyclonal antibody anti-IE110 (N) at a 1:350 dilution (11). The second column shows the staining patterns for the proteins indicated using monoclonal
antibodies: B, anti-AU1 ascites at 1:1000 (21, 30); E, anti-KT3 ascites at 1:250 (21, 31); H, anti-EE ascites at 1:1000 (21, 32); K, 39S, which recognizes
UL29, at 1:100 (21, 33); N, 17B, which recognizes UL9, at 1:100 (34 ); and Q, 58S, which recognizes ICP4, at 1:100 (33). Green represents fluorescein
isothiocyanate-conjugated goat anti-mouse or anti-rabbit secondary antibody staining, as appropriate. Red represents Texas red-conjugated goat
anti-rabbit or anti-mouse secondary antibody staining, as appropriate. The third column shows the merged staining patterns from a single cell. Bar,
15 mm.
AID VY 7955 / 6a18$$$$62 05-16-96 18:38:05 vira AP: Virology
498 SHORT COMMUNICATION
FIG. 3. Transmission electron micrographs of cells cotransfected with pICP0 and UL52KT3. Vero cells cotransfected with pICP0 and UL52KT3
were fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate (SC) buffer (pH 7.4), postfixed in 1% OsO4/0.8% potassium ferricyanide in SC buffer,
stained en bloc with 0.5% aqueous uranyl acetate, dehydrated in ethanol, and embedded in Polybed resin. Thin sections were cut parallel to the
cell layer with a diamond knife, stained with uranyl acetate and lead citrate, and examined in a Phillips CM10 TEM at 60 kV. (A) A cotransfected
cell containing nuclear electron-dense structures. The nucleolus is indicated by an arrowhead. Bar, 5 mm. (B and C) Higher magnification images
of nuclear structures observed in other cotransfected cells. Bar, 1 mm.
tures seen with the helicase/primase complex subunits affinity chromatography and Far-Western blotting (26). As
shown in Fig. 1P, cells cotransfected with pICP0 andand ICP0 to previously described ICP0 structures. In-
fected cell polypeptide 4 (ICP4), another HSV transcrip- pK1-2 (27 ), which expresses ICP4 from its own promoter,
contain ICP0 structures. Within the same nucleus, ICP4tional modulator (reviewed in 2), has been shown to colo-
calize with ICP0 structures in a cotransfection assay (11, is present within ICP0 structures, within ICP0 shells, and
diffusely in the nucleoplasm (Fig. 1Q). Figure 1R shows25). This colocalization may reflect interactions between
ICP0 and ICP4 that have been detected by fusion protein a merged image of the ICP0 and ICP4 patterns. Although
FIG. 4. ICP0/immunogold staining of cells cotransfected with pICP0 and UL52KT3. Vero cells cotransfected with pICP0 and UL52KT3 were
released from plates with trypsin, washed, resuspended, and fixed for 2 hr in 3% paraformaldehyde/0.2% glutaraldehyde in 0.1 M SC buffer. After
rinsing in SC buffer, the cell pellet was embedded in agarose, dehydrated in methanol, and embedded in lowicryl K4M resin at 0207. Thin sections
were collected on Formvar-coated nickel grids and immunolabeled following the procedures described by Murphy et al. (35). Briefly, the sections
were incubated with anti-IE110(N) for 2 hr at room temperature, followed by goat-anti rabbit immunoglobulin coupled to 10-nm gold particles
(Amersham). After rinsing, sections were stained with uranyl acetate and lead citrate and examined in the TEM. (A) A cell containing immunoreactive
structures. The nucleolus is indicated by an arrowhead. Bar, 1 mm. (B) Higher magnification image of two immunoreactive structures from the
nucleus of another cell. For orientation, a portion of the nucleolus is indicated with a large arrowhead and the nuclear envelope with a small
arrowhead. Bar, 1 mm.
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some colocalization was observed, we were unable to whorls were presumed to represent the ICP0 spheres
seen by immunofluorescence in D22-infected cells. Todetect complete colocalization of ICP0 and ICP4 despite
using several different plasmid ratios up to 20:1 for pICP0 determine if wild-type ICP0 structures were membrane-
bound in transfections, cells cotransfected with pICP0and pK1-2, as had been previously reported (11, 25). This
could be due to procedural differences, for instance, the and p6UL52KT3 were prepared for EM as described in
the legend of Fig. 3. Cotransfected cells contained nu-choice of antibodies recognizing ICP4 or the use of
slightly different expression constructs. We reasoned clear structures not seen in mock-transfected cells that
roughly correspond in number and distribution to thethat we may be able to detect a colocalization of ICP0
and ICP4 more easily in the cytoplasm compared to the ICP0 structures observed by immunofluorescence (Fig.
3A). Some cotransfected cells also contained similar cy-nucleus where abundant, diffuse ICP4 may have ob-
scured such an effect. ICP4 localizes exclusively to the toplasmic structures (data not shown). A subset of the
electron-dense structures contain one or more centralnucleus when transiently expressed (11 and references
therein). A cytoplasmic form of ICP0, D365-517, can re- electron-lucent zones which may correspond to the areas
within ICP0 structures that stain less brightly by immuno-tain a portion of ICP4 in the cytoplasm, where the two
proteins colocalize (25). Cells cotransfected at a ratio of fluorescence (compare Figs. 3B and 3C to the first col-
umn of Fig. 1).1:20 with pK1-2 and pMM63, which contains ICP0D365-
517 under control of the SCMV IE94 promoter/enhancer To verify that these structures represent ICP0, cells
were prepared for immunoelectron microscopy as de-region (11), contain ICP0 structures in the cytoplasm as
shown in Fig. 2G. The ICP4 staining pattern in the same scribed in the legend of Fig. 4. As shown in Figs. 4A and
4B, gold particles localize over structures which likelycell, Fig. 2H, shows that while much of the ICP4 localizes
to the nucleus, a portion of ICP4 colocalizes with ICP0, represent the same structures observed in unlabeled
sections. The cell in Fig. 4A contains nuclear and cyto-i.e., the cytoplasmic staining patterns overlap. This colo-
calization is similar to that previously reported (25). plasmic structures which lack a central electron-lucent
area, whereas those nuclear structures in Fig. 4B pos-The cytoplasmic form of ICP0 was also used to deter-
mine whether the accumulation of the helicase/primase sess central zones which are less immunoreactive. La-
beled structures containing central unlabeled zones likecomplex subunits within ICP0 structures depends on un-
derlying nuclear architecture. Cells cotransfected with those electron-lucent zones seen with routine EM were
not abundant which might reflect differences in pro-pMM63 and p6UL52KT3 contained UL52KT3 within ICP0
structures (compare the staining patterns in Figs. 2A and cessing the specimens for immuno-EM. Clearly, how-
ever, the nuclear and cytoplasmic ICP0 structures in2B). In cells cotransfected with p6EEUL8 and pMM63, a
portion of EEUL8 accumulated within cytoplasmic ICP0 transfected cells are proteinaceous, not membrane
bound like those ICP0 structures seen in D22-infectedstructures as shown in Figs. 2C and 2D. AU1UL5 accu-
mulated within ICP0 structures as well (data not shown). cells (5). This rules out a trivial explanation for the aber-
rant localization of the helicase/primase complex sub-Thus, it is unlikely that nuclear architecture is necessary
for the accumulation of proteins within ICP0 structures. units, namely, that they were ‘‘trapped’’ in membranes
with ICP0. Cells transfected with constructs expressingWe can also conclude that the colocalization pattern dif-
fers from accumulation within ICP0 structures by compar- the cytoplasmic variant ICP0 were not examined by EM.
As a consequence, we cannot rule out the possibility thating ICP4 and helicase/primase subunit staining in cells
cotransfected with cytoplasmic ICP0. In addition, as was ICP0D365-517 forms cytoplasmic membranous whorls
which can ‘‘trap’’ other proteins. We find this possibilitythe case with wild-type ICP0, UL29 did not localize to
the interior of ICP0 structures in cells expressing cyto- unlikely, though, given that cells transfected with wild-
type ICP0 never contained membranous whorls evenplasmic ICP0 as shown in Figs. 2E and 2F. The same
holds true for UL9 (data not shown). Further, we were when the structures were cytoplasmic (Fig. 4A; Weller
and Lukonis, unpublished observation).unable to detect colocalization of UL29 or UL9 with ICP0
in the cytoplasm which supports the concept that these In this study we have shown that the helicase/primase
complex subunits localize within the interior of ICP0proteins are not likely to interact.
The ability of ICP0 to influence the localization of the structures in the nucleus and cytoplasm and that the
ICP0 structures are proteinaceous, not membrane-subunits of the helicase/primase complex prompted us
to examine the ICP0 structures in more detail. The well- bound. This localization pattern differs from that seen in
cells cotransfected with ICP0 and UL9 or UL29 in thatdemarcated, spherical shape of the ICP0 structures sug-
gested that they could be membrane-bound. At the light these proteins are excluded from the core of ICP0 struc-
tures. Why certain proteins accumulate within ICP0 struc-microscope level, ICP0 structures seen during infection
with the ICP0-mutant virus D22 and those structures tures and others do not is unclear. Although we have
examined a limited number of proteins in our cotransfec-seen in ICP0 transfections are very similar (5). Previously,
electron microscopy (EM) of cells infected with D22 dem- tion assay, we have noticed that proteins that accumulate
within ICP0 structures are normally subunits of multipro-onstrated numerous membranous whorls (5). These
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